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We provide a description, within the High Energy Factorization formalism, of central–forward dijet 
correlation data measured by the CMS experiment and the predictions for nuclear modiﬁcation ratio RpA
in p + Pb collisions. In our study, we use the unintegrated gluon density derived from the BFKL and 
BK equations supplemented with subleading corrections and a hard scale dependence. The latter is 
introduced at the ﬁnal step of the calculation by re-weighting the Monte Carlo generated events using 
suitable Sudakov form factors, without changing the total cross section. We achieve a good description of 
data in the whole region of the azimuthal angle.
© 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/3.0/). Funded by SCOAP3.1. Introduction
In Quantum Chromodynamics at high energies, there is a con-
tinuous search for deﬁnite signatures of small-x dynamics. Ex-
amples of expected signatures are: high energy-enhanced rate of 
minijets between two hard jets that are far away in rapidity [1], 
suppression of rates of hadron production in “dilute–dense” scat-
tering as compared to “dilute–dilute” scattering [2] or diffractive 
processes at high energies [3]. Indeed, there have already been 
studies reporting evidence of small-x effects for some observables 
in p + p and d + Au collisions [4–6].
One of the best observables to study the dynamics at small-x
is the azimuthal correlation, i.e. the differential distribution in 
the difference of the azimuthal angle between two leading jets 
[7–13]. One of the reasons is that small-x effects are inseparably 
related to the notion of internal transverse momenta of (off-shell) 
gluons inside a hadron, which, according to the Balitsky–Fadin–
Kuraev–Lipatov (BFKL) formalism [14–16], can be large but cannot 
be arbitrarily small because of the importance of nonlinear effects 
absent in the BFKL equation [17–19]. The internal transverse mo-
mentum of a gluon can be viewed as a direct source of azimuthal 
correlations, since it creates a jet momentum imbalance on the 
transverse plane. On the other hand, the correlations can be also 
made by parton showers by means of explicit additional emissions. 
For the observables considered here, general purpose Monte Carlo 
generators like herwig++ [20] and pythia [21] were the only 
alternatives to describe the data [22].
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SCOAP3.With the present experimental program of CMS and ATLAS, one 
can test these effects by investigating the pattern of radiation in a 
wide kinematical domain. Of particular interest are jet observables, 
since in the factorization picture of a collision, the jets momenta 
are kinematically linked to momenta of initial state partons. There-
fore, scanning over a wide domain of jet pT allows one to test 
various physics assumptions on the properties of gluon distribu-
tion.
The effects that turn out to play a crucial role are the kine-
matical effects enforcing momenta of the gluons to be dominated 
by the transverse components [23–25] and the effects related to 
soft gluon radiation of Sudakov type [26]. The need for such ef-
fects in gluon cascades has been already recognized in [27–29] and 
has been formalized as the Catani–Ciafaloni–Fiorani–Marchesini 
(CCFM) evolution equation or its nonlinear extension [30,31]. The 
latter takes into account saturation effects. At present, the most 
commonly used framework providing a hard scale dependence (i.e. 
Sudakov effects) in the parton density function is the Kimber–
Martin–Ryskin (KMR) evolution [29,32]. In its ﬁnal form, it is based 
on small-x dynamics, angular ordering, and it incorporates DGLAP 
effects. Recently, it has been shown in [33], for the case of color 
neutral particle production, that the double logarithms of the type 
ln2(μ2/k2T ), where μ is the hard scale of the process and kT is 
the transverse momentum of the initial state gluon, can be con-
veniently resummed in the dipole approach, on top of small-x
resummation.
2. Theoretical framework
In the present work, we study central–forward dijet correlations 
using the High Energy Factorization (HEF) approach [2,34–36].  under the CC BY license (http://creativecommons.org/licenses/by/3.0/). Funded by 
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tion, the cross section is calculated as a convolution of a ‘hard 
sub-process’ [37,38],1 and nonperturbative parton densities, which 
take into account longitudinal and transverse degrees of freedom. 
In practice, at low x, the gluons dominate over the quarks and 
therefore one usually deals with the unintegrated gluon densities 
(UGDs) only. We shall describe different UGDs later in this section.
High Energy Factorization is obviously applicable only in a cer-
tain domain and, in particular, one should be cautious about the 
following points: (i) although we use tree-level off-shell matrix 
elements and thus we do not have explicit problems with fac-
torization breaking by soft emissions, we have to accept that the 
UGDs might not be universal, (ii) below the saturation scale, we 
should use more than just one UGD, but for the proton–proton col-
lision studied here, the nonlinear effects are rather weak. For more 
details concerning various factorization issues we refer to [43–46].
In situations where the ﬁnal state populates forward rapidity 
regions, one of the longitudinal fractions of the hadron momenta 
is much smaller then the other, xA  xB , and the following ‘hybrid’ 
HEF formula is used [9]
dσAB→X =
∫
d2kT A
π
∫
dxA
xA
∫
dxB
∑
b
Fg∗/A(xA,kT A,μ)
× fb/B(xB ,μ)dσˆg∗b→X (xA, xB ,kT A,μ), (1)
where Fg∗/A is a UGD, fb/B are the collinear PDFs, and b runs 
over the gluon and all the quarks that can contribute to the pro-
duction of a multi-particle state X . Note that both fb/B and Fg∗/A
depend on the hard scale μ. As we explain below, it is impor-
tant to incorporate the hard scale dependence also in UGD. The 
off-shell gauge-invariant matrix elements for multiple ﬁnal states 
reside in dσˆg∗b→X . The condition xB  xA is imposed by proper 
cuts on the phase space of X . It was shown in [47] that the phase 
space cuts for central–forward jets do imply the aforementioned 
asymmetry condition.
In our computations, we used several different unintegrated 
gluon densities Fg∗/A(x, kT , μ):
• The nonlinear KS (Kutak–Sapeta) unintegrated gluon den-
sity [11], which comes from the extension of the BK (Balitsky–
Kovchegov) equation [48] following the prescription of KMS 
(Kwiecinski–Martin–Stasto) [25] to include kinematic con-
straint on the gluons in the chain, non-singular pieces of the 
splitting functions as well as contributions from sea quarks. 
The parameters of the gluon were set by the ﬁt to F2 data 
from HERA. This gluon can be determined for an arbitrary nu-
cleus and, in the following, we shall use the KS densities for 
the proton and for lead.
• The linear KS gluon [11], determined from the linearized ver-
sion of the equation described above.
• The KMR hard scale dependent unintegrated gluon density [29,
32]. It is obtained from the standard, collinear PDFs supple-
mented by the Sudakov form factor and small-x resummation 
of the BFKL type. The Sudakov form factor ensures no emis-
sions between the scale of the gluon transverse momentum, 
kT , and the scale of the hard process, μ. The upper cutoff in 
the Sudakov form factor is chosen such that it imposes angu-
lar ordering in the last step of the evolution. The KMR gluon 
used in our study is based on MSTW 2008 LO [49].
• The standard collinear distribution Fg∗ (x, kT , μ2) = xg(x, μ2)×
δ(k2T ), which, when used in Eq. (1), reduces it to the collinear 
1 For recent developments in hard matrix elements within HEF we refer the 
reader to [39–42].factorization formula. In this study we used the CTEQ10 NLO 
PDF set [50].
In addition, we supplement the KS linear and nonlinear UGDs 
with the Sudakov resummation, which, as we shall see, turns out 
to be a necessary ingredient needed to describe the data at mod-
erate φ. The resummation is made on top of the Monte Carlo 
generated events and it is motivated by the KMR prescription of 
the Sudakov form factor. It effectively incorporates the dependence 
on a hard scale μ into the KS gluons, which by themselves do not 
exhibit such dependence. A short description of the resummation 
model is presented in Appendix A. We set the scale used in the 
model to be the same as the hard scale appearing in the factoriza-
tion formula (1), we note, however, that they need not to be the 
same.
3. Results
In this section, we present the results of our study of the az-
imuthal correlations in the forward–central dijet production. Our 
framework enables us to describe two scenarios considered in the 
CMS forward–central dijet measurement [22]:
• Inclusive scenario, which, in the experiment, corresponds to se-
lecting events with the two leading jets satisfying the cuts: 
pT ,1,2 > 35 GeV, |y1| < 2.8, 3.2 < |y2| < 4.9 and with no extra 
requirement on further jets. These results are shown in Fig. 1.
• Inside-jet-tag scenario, with the same selection on the two 
hardest jets but, this time, a third jet with pT > 20 GeV is 
required between the forward and the central regions. The cor-
responding results are shown in Fig. 2.
In Fig. 1, we present our results for the case of the inclusive 
selection and compare them with the data from CMS. We show 
the results obtained with the nonlinear and linear KS gluon, sup-
plemented with the Sudakov form factor (top left and top right, 
respectively), the KMR gluon (bottom left) and an unmodiﬁed KS 
gluon (bottom right). Both, the hard scale and the Sudakov resum-
mation model scale are set to be the average pT of the jets. We see 
that the KS + Sudakov and KMR describe the data well. The error 
bands on the predictions were obtained by varying the hard scale 
appearing explicitly in the factorization formula by a factor 2±1. 
The calculations using as hard subprocess LO 2 → 2 hard matrix 
elements for inclusive scenario and LO 2 → 3 hard matrix element 
in inside-jet tag scenario were performed independently by three 
programs: LxJet [51], forward [52], and a program implement-
ing the method of [39].
The results presented in Fig. 1 show that the azimuthal dijet 
correlations measured by CMS [22] can be described by the theo-
retical framework based on small-x (or BFKL-like) dynamics. This 
dynamics produces gluon emissions, unordered in kT , which build 
up the non-vanishing φ distributions away from φ = π . (A sim-
ilar level of agreement can be obtained from DGLAP based ap-
proaches supplemented with parton shower (and sometimes also 
with multi-parton interactions), as shown in Ref. [22].) Further-
more, combining the above result with the recent analysis per-
formed in [12], we conclude that the effects of higher orders, like 
kinematical effects that allow for emissions at low φ, are of cru-
cial importance. This alone is however not enough, since, as shown 
in Fig. 1, one necessarily needs the Sudakov resummation to im-
prove the moderate φ (or equivalently moderate kT ∼ 50 GeV) 
region. These Sudakov effects are needed to resum virtual emis-
sions between the hard scale provided by the external probe and 
the scale of the emission from the gluonic ladder. In other words, 
one has to assure that the external scale is the largest scale in 
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to describe the azimuthal correlations in proton–proton collisions 
with these particular experimental selection cuts, although we see 
that it decreases the last bin at φ ∼ π towards the data point.
Fig. 2 shows the results obtained in the HEF approach with the 
2 → 3 hard matrix elements. We also show the corresponding re-
sult from pure DGLAP, i.e. with the HEF formula (1) used in the 
collinear limit. We see that the linear and nonlinear KS results 
without (top left) and with (top right) the Sudakov form factor 
nicely follow the experimental data from the inside-jet-tag sce-
nario. The description is also very good when the KMR gluon is 
used (bottom left). In the case of pure DGLAP calculation (bottom 
right), the 3rd parton produced in the ﬁnal state allows for gener-
ation of the necessary transverse momentum imbalance between 
the two leading jets. This, in turn, leads to a good description of 
the experimental data, even without the use of a parton shower.
In Fig. 3, we compare the results obtained using the KS gluon, 
with and without the Sudakov form factor, and the KMR gluon. We 
see that when the Sudakov effects are included, the curves are al-
most on top of each other for the inclusive scenario. This conﬁrms 
the necessity of incorporating the hard scale dependence to the 
unintegrated gluon densities. For the inside-jet-tag scenario there 
is almost no effect of the Sudakov resummation model, as the φdistributions are not peaked around φ ∼ 0 and there is nothing 
left for the Sudakov, which effectively “showers down” the emis-
sions with kT ∼ 0. As the model is unitary, in the sense that it 
does not change the cross section (similar to true parton showers), 
there is almost no effect. On the contrary, the KMR gluon den-
sity can still change the normalization, as seen in the right panel 
of Fig. 3. Further studies with in CCFM-based approaches [53,10]
would be needed in order to get better understanding of these ef-
fects.
Finally, having described correlations data well, we are now 
ready for providing predictions for the nuclear modiﬁcation ratios, 
RpA , in p + Pb collisions. They are deﬁned as the ratios of p + Pb 
to p + p cross sections normalized to the number of nucleons. 
In Fig. 4, we see that the suppression is visible in the inclusive 
scenario and that there is no suppression in the inside-jet-tag sce-
nario. In the inclusive scenario it is even enhanced by the Sudakov 
effects. In particular, we see that inclusion of the Sudakov form 
factor changes the slope of the RpA ratio making the saturation 
effects visible in the wider range of the φ.
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Appendix A. Sudakov resummation model in Monte Carlo 
calculation
The model is designed to supplement Monte Carlo generated 
events with Sudakov effects. It effectively incorporates an addi-
tional hard scale μ into the UGD and relies on two assump-
tions: (i) unitarity, i.e. the total cross section will not be affected, 
(ii) events with internal kT > μ will be affected as little as possi-
ble.
Suppose we have a set of Monte Carlo generated events 
(wi, Xi), where wi is a weight and Xi is a phase space point. 
An observable is calculated according to
O = σ
W
∑
i
wi F
O
i (Xi), (2)
where σ is the total cross section, FOi is a function deﬁning 
the observable O (e.g. some combination of step functions) and 
W =∑i wi is the total weight. Let us rewrite the observable O as 
follows
O = σ
W
[∑
i
wi F
O
i (Xi)Θ(μi > kT i)
+
∑
j
w j F
O
j (X j)Θ(kT j > μ j)
]
. (3)
For each of the events from the ﬁrst sum we incorporate the ef-
fect of resummed unresolved emissions by including the Sudakov 
form factor (μ, kT ) which gives the probability that a parton 
with transverse momentum kT will remain untouched while re-
ﬁning the scale up to μ. This is done be redeﬁning the observable 
as follows
O˜ = σ
W˜
[∑
i
wi(μi,kT i)F
O
i (Xi)Θ(μi > kT i)
+
∑
w j F
O
j (X j)Θ(kT j > μ j)
]
(4)jwith
W˜ =
∑
i
wi(μi,kT i)Θ(μi > kT i) +
∑
j
w jΘ(kT j > μ j). (5)
This changed the observable O → O˜. Note, we do not change the 
total cross section, but we affect the events with kT > μ contra-
dicting our second assumption. This can be corrected by simply 
re-weighting them as follows
O = σ
W
[∑
i
wi(μi,kT i)F
O
i (Xi)Θ(μi > kT i)
+ W˜
W
∑
j
w j F
O
j (X j)Θ(kT j > μ j)
]
(6)
with W being the total weight as usual
W =
∑
i
wi(μi,kT i)Θ(μi > kT i)
+ W˜
W
∑
j
w jΘ(kT j > μ j). (7)
As long as W˜ /W ∼ 1 our second assumption is satisﬁed. In the 
case of the High Energy Factorization and hard scale taken to be 
e.g. average pT of jets this is satisﬁed easily. The events from the 
ﬁrst sum will gain effectively the normalization W /W > 1 rela-
tively to the original observable O and account for real emissions 
(a model of).
The Sudakov form factor appropriate for the above model can 
be constructed along the lines given in [32]

(
μ,k2T
)= exp(− μ
2∫
k2T
dk′ 2T
k′ 2T
αs(k′ 2T )
2π
∑
i
1−	(k′T ,μ)∫
0
dz Pig(z)
)
, (8)
where Pij(z) are splitting functions, and 	(kT , μ) = kTμ+kT .
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